Antifreeze glycoproteins (AFGPs) are present in the blood serum of deep sea teleost fish found in the Arctic and Antarctica. These glycoproteins enable the survival of the fish by preventing the growth of ice crystals, hence protecting the fish against cryoinjury.^[@ref1]−[@ref3]^ Structurally, AFGPs are polymeric mucin type glycopeptides, consisting of repeating tripeptide units (Ala-Thr-Ala)~*n*~ with a disaccharide moiety (Galβ1--3GalNAcα1−) attached to each Thr residue.^[@ref4],[@ref5]^ In addition to Ala and Thr, AFGP also contains Pro residues, the significance of which is still unclear. Due to their polymeric nature, AFGPs range in molecular weights from approximately 2.6 kDa (4 repeat units) to 33.7 kDa (50 repeat units).

Very little is known about the underlying mechanism of the antifreeze activity of AFGP.^[@ref1]−[@ref3]^ This generally stems from the lack of secondary structure information for AFGP. Attempts to crystallize AFGP have been unsuccessful due to challenges in isolation and purification of AFGP from natural sources.^[@ref6]^ Additionally, there has been little success with expression and post-translational modification of AFGP in cell lines. The challenges in crystallization have also been ascribed to the flexible nature of AFGP in solution, which is also found to affect structural characterizations using NMR and CD experiments.^[@ref7],[@ref8]^

In general, an adsorption-inhibition process is hypothesized as the proposed mechanism for antifreeze action, wherein AFGP is proposed to irreversibly bind to the surface of ice crystals, resulting in the lowering of the observed freezing point, thereby creating a hysteresis on the order of 1--2 °C between the equilibrium melting point and the observed freezing point.^[@ref3]^ This mechanism however has been challenged by tetrahertz adsorption spectroscopy experiments, which observed signatures of retarded water dynamics around AFGP.^[@ref9],[@ref10]^ It has also been argued that the relatively low physiological concentrations and noncolligative action of AFGP cannot be explained by the adsorption-inhibition mechanism, which was initially proposed for antifreeze proteins (AFPs), molecules that present a well-characterized and well-defined structural ice binding face contrary to the highly flexible AFGP.^[@ref11]^

Chemical synthesis and controlled polymerization have allowed researchers to synthesize synthetic AFGP (s-AFGP) containing native and non-native glycans.^[@ref12]−[@ref16]^ The access to s-AFGP led to the establishment of structure--activity relationships using biophysical characterizations like thermal hysteresis and ice crystal morphologies.^[@ref12]^ It was found that both the geometry and composition of AFGP were important for antifreeze activity. Three structural features were found to be critical for antifreeze activity, namely, (i) an N-acetyl group in galactosamine, (ii) an α-glycosidic linkage, and (iii) the Thr γ-methyl group.^[@ref12]^

CD studies of AFGPs have not been conclusive, with reported structural characteristics varying from random-coil structures and β-sheet geometries to PPII-helix conformations for both native AFGP8 (antifreeze glycoprotein fraction 8) and s-AFGPs.^[@ref7],[@ref12],[@ref13],[@ref17]^ Temperature dependent (−5 to 85 °C) CD studies reported PPII helical structures for s-AFGP at low temperatures with the structural features diminishing with increasing temperatures.^[@ref13]^ NMR studies of AFGPs have been limited by the polymeric nature of AFGP (repeating ATA units) which introduces NMR spectral overcrowding.^[@ref7],[@ref8],[@ref12],[@ref18]^ To date, NMR structural determination using distance and dihedral based restraints has been limited to s-AFGP~3~ (AT\*AAT\*AAT\*A, where T\* denotes glycosylated Thr).^[@ref12]^

While these studies alluded to the mechanism of antifreeze activity, there is still a lack of a detailed structural mechanism of these antifreeze glycopeptides. Questions remain as to how the three critical structural features correlate to antifreeze activity. Additionally, the current structural models, like the NMR restrained structures, arrived at in the absence of explicit water, do not account for experimental results such as the observation of hydrated forms of s-AFGP~3~ in cold-spray ionization time-of-flight mass spectroscopy experiments or the suppression of antifreeze activity upon the addition of sodium borate.^[@ref9],[@ref10],[@ref19]^

In this study, we use Hamiltonian replica exchange (HREX) molecular dynamics (MD) simulations supplemented with standard MD simulations to probe the structural features of AFGPs in explicit water. By including explicit water, we also investigate the influence of carbohydrates on the structure and dynamics of the surrounding solvent. Two AFGP systems were chosen for the present study, the naturally occurring AFGP8 (AAT\*AAT\*PAT\*AAT\*PA) and the synthetic derivative: s-AFGP~4~ (AT\*AAT\*AAT\*AAT\*A). The synthetic derivative was chosen to maintain an identical number of O--Thr linkages to compare with AFGP8.

The restraint independent HREX MD conformational sampling protocol has been successfully tested earlier for studying model O-linkage systems and antiproliferative glycopeptides in solution.^[@ref20],[@ref21]^ Excellent agreement was obtained with NMR observables (*J*-coupling data and NOE distances) which instilled confidence in the use of the protocol to study AFGP. The starting conformations for the HREX MD simulations were generated in accordance with the available NMR data for both AFGP8 and s-AFGP~3~.^[@ref8],[@ref12]^ Water was treated in the simulations using both the TIP5P and TIP4P-2005 water models, which accurately capture the temperature--density anomaly of water.^[@ref22],[@ref23]^ In addition to the glycopeptide systems, simulations were performed for the underlying peptide sequences AATAATPATAATPA and ATAATAATAATA to delineate the structural influence of carbohydrates with respect to protein.

In Figure [1](#fig1){ref-type="fig"}, we present ϕ/ψ analysis for both AFGP8 and s-AFGP~4~ obtained from the 300 K simulations. The Boltzmann inverted ϕ/ψ distribution obtained from all the ϕ/ψ pairs in AFGP8 and s-AFGP~4~ is presented in parts a and b of Figure [1](#fig1){ref-type="fig"}, respectively. AFGP8 generally samples conformations belonging to the PPII region of ϕ/ψ space, while s-AFGP~4~ samples PPII, β-sheet, and α-helical regions. This correlates with the experimental findings which predict PPII conformations for AFGP8,^[@ref7],[@ref8],[@ref17]^ while evidence of all three conformations has been observed for (ATA)~*n*~ polymers.^[@ref12],[@ref13]^ To gain insight into the shift toward PPII conformations for AFGP8, we partition the ϕ/ψ distribution into three distinct categories on the basis of the location of the amino acid with respect to the Thr residues, such that *i* corresponds to the position of Thr with the distributions *i* -- 1 and *i* + 1 indicating the residues preceding and following Thr, respectively. All the Thr residues (middle panel in Figure [1](#fig1){ref-type="fig"}c and d) sample the extended PPII conformation irrespective of the system type (AFGP8 or s-AFGP~4~). The major difference between the two systems is observed for the ϕ/ψ distribution around the *i* + 1 amino acids (right panel in Figure [1](#fig1){ref-type="fig"}c and d). For AFGP8, the amino acids (A^4^P^7^A^10^P^13^) sample the PPII region, while, for s-AFGP~4~, a significant sampling corresponding to the α-helical region is observed. This shift in the distribution is largely due to the introduction of Pro at P^7^ and P^13^, which imparts rigidity and lends a structural bias to the system toward PPII conformations.

![Boltzmann inverted ϕ/ψ distributions obtained from all dihedral pairs for (a) AFGP8 and (b) s-AFGP~4~. Boltzmann inverted ϕ/ψ distributions obtained from *i* -- 1 (left panel), *i* (middle panel), and *i* + 1 (right panel) dihedral pairs, where *i* corresponds to the position of Thr for (c) AFGP8 and (d) s-AFGP~4~. The relative free energies are given in kcal/mol.](jp-2014-08128d_0001){#fig1}

The spatial arrangement of the carbohydrates with respect to the peptide backbone was next characterized. For this, pseudodihedrals (ϕ~1~, ϕ~2~, ϕ~3~) between the centers of geometry of β-Gal and AT(A/P) units were evaluated (pseudodihedrals illustrated in the representative structure in Figure [2](#fig2){ref-type="fig"}). For each pseudodihedral pair, ϕ~1~/ϕ~2~ and ϕ~3~/ϕ~2~, the 2D probability distribution was analyzed from −90 to 270° to classify the pseudodihedral space into four quadrants:**1**:ϕ~1~ (−90 to 90°, eclipsed) and ϕ~2~ (−90 to 90°, eclipsed)**2**:ϕ~1~ (90 to 270°, trans) and ϕ~2~ (−90 to 90°, eclipsed)**3**:ϕ~1~ (90 to 270°, trans) and ϕ~2~ (90 to 270°, trans)**4**:ϕ~1~ (−90 to 90°, eclipsed) and ϕ~2~ (90 to 270°, trans)

![ϕ~1~/ϕ~2~ probability distributions for AFGP8. The four quadrants are demarcated by solid lines. Dotted lines are used to differentiate the intermediate regions. ϕ~3~/ϕ~2~ distributions corresponding to the populated quadrants in the ϕ~1~/ϕ~2~ distribution are also presented. Representative structures belonging to each quadrant obtained from clustering analysis are presented to the right of the distributions. Cluster numbers are presented in roman numerals. Pictorial vector representations are used to illustrate the relative orientations of the carbohydrates in the representative structures. The pseudodihedral angles are calculated between the centers of geometry illustrated by VDW spheres in the representative structure. The peptide backbone is presented in blue, while the carbohydrates are presented in red.](jp-2014-08128d_0002){#fig2}

AFGP8 populates the all eclipsed **1** (31%) and all trans **3** (48%) regions of the ϕ~1~/ϕ~2~ distribution (Figure [2](#fig2){ref-type="fig"}). On analyzing the ϕ~3~/ϕ~2~ distributions corresponding to these two regions, it is found that ϕ~3~ generally samples the pseudodihedral space corresponding to the eclipsed conformation (−90 to 90°). In Figure [2](#fig2){ref-type="fig"}, we also present the representative structures of the top two clusters obtained by clustering the trajectories using the peptide ϕ/ψ dihedrals. For the largest cluster, the ϕ~1~/ϕ~2~/ϕ~3~ conformation corresponds to a trans/trans/eclipsed alignment of the carbohydrates, while, for the second largest cluster, this corresponds to an eclipsed/eclipsed/eclipsed alignment. It is to be noted that the latter alignment of the carbohydrates corresponds to an amphipathic structure in which predominantly all the alcohol groups on the carbohydrates are aligned onto one face of the glycopeptide, a conformation that has been previously hypothesized for AFGP.^[@ref12]^

For s-AFGP~4~, the loss of peptide rigidity (Figure [1](#fig1){ref-type="fig"}b) is reflected in the spatial arrangement of the carbohydrates. The conformations populate three regions of the ϕ~1~/ϕ~2~ distribution, **1** (20%), **2** (37%), and **3** (33%) (Figure [3](#fig3){ref-type="fig"}a). In contrast to AFGP8, the additional peptide flexibility leads to the carbohydrates populating intermediate ϕ~1~/ϕ~2~ regions (regions outside the dotted areas in Figure [3](#fig3){ref-type="fig"}a). Even ϕ~3~ corresponding to each ϕ~1~/ϕ~2~ distribution predominantly samples the intermediate conformations (Figure [3](#fig3){ref-type="fig"}a). Clustering of the trajectories yielded three significant clusters corresponding to regions **1**, **2**, and **3** of the ϕ~1~/ϕ~2~ distributions (Figure [3](#fig3){ref-type="fig"}a). While a truly amphipathic arrangement of carbohydrates akin to the second largest cluster for AFGP8 does not occur in s-AFGP~4~, pseudoamphipathic arrangements of the carbohydrate alcohol groups even in s-AFGP~4~ are sampled. These observations further highlight the importance of select prolines in AFGP8.

![(a) ϕ~1~/ϕ~2~ probability distributions for s-AFGP~4~. Corresponding ϕ~3~/ϕ~2~ distributions, representative structures, and pictorial vector representations are also presented (see Figure [2](#fig2){ref-type="fig"} legend). (b) Analysis of the magnitude of the resultant net vector, **s**, obtained from component vector addition. The peptide backbone is presented in blue, while the carbohydrates are presented in red.](jp-2014-08128d_0003){#fig3}

In addition to the above analysis, we also calculate a net resultant vector by component vector addition using unit vectors along the centers of geometry of β-Gal and AT(A/P) (Figures [2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}). By assuming that the first vector is aligned with the origin (θ~1~ = 0), we use ϕ~1~, ϕ~2~, and ϕ~3~ (angles between the vectors) to calculate the components and obtain the net resultant vector, **s**, using the following equations:

The distributions of the resultant net vectors are presented in Figure [3](#fig3){ref-type="fig"}b. For AFGP8, two peaks occur around 0.95 and 0.48 that correspond to the alignment of all the vectors (0.95) and where one of the vectors points in the opposite direction (0.48). Note that the profile differs strongly from the baseline for random arrangement of the vectors and that both of the aforementioned peaks are significantly higher. For s-AFGP~4~, only one clear peak occurs around 0.42 and the profile differs from the random baseline mainly in a sharply decreased sampling of the fully aligned conformation (with correspondingly higher populations elsewhere). This analysis reinforces the fact that, while both AFGP8 and s-AFGP~4~ sample pseudoamphipathic structures, AFGP8 has a bias toward a truly amphipathic structure, while the same structure is virtually inaccessible to s-AFGP~4~.

Analysis of the trajectories also revealed persistent hydrogen bonds (H-bond) between the N-acetyl hydrogens (−NHCOCH~3~) on GalNAc units and the carbonyl oxygens of Thr. The occupancies corresponding to these H-bonds have been tabulated in Table [1](#tbl1){ref-type="other"}. This H-bond locks the conformation of the carbohydrate with respect to the peptide backbone and also influences the ϕ/ψ distribution of the underlying peptide. Its presence has been observed earlier in mucin type architectures involving Thr O--GalNAc linkages.^[@ref20],[@ref21],[@ref24]−[@ref26]^ It has also been reported that this H-bond is lost on substituting Thr with Ser or upon changing the linkage geometry from α- to β-linkage.^[@ref20],[@ref21],[@ref24]−[@ref26]^ Thus, both the N-acetyl group and the α-linkage are required to maintain the orientation of the carbohydrate with respect to the underlying peptide, which is also found to influence the antifreeze activity of AFGP.

###### Significant Hydrogen Bond and Bridge Water Occupancies from 300 K Simulations of AFGP8 and s-AFGP~4~

  AFGP8                                       s-AFGP~4~                                                              
  ------------------------------------------- -------------------- ---------- ----------------- -------------------- ----------
  Hydrogen Bonds                                                                                                     
  Thr 3 (O)                                   GalNAc 15 (NH)       0.56       Thr 2 (O)         GalNAc 13 (NH)       0.58
  Thr 6 (O)                                   GalNAc 17 (NH)       0.76       Thr 5 (O)         GalNAc 15 (NH)       0.75
  Thr 9 (O)                                   GalNAc 19 (NH)       0.65       Thr 8 (O)         GalNAc 17 (NH)       0.60
  Thr 12 (O)                                  GalNAc 21 (NH)       0.62       Thr 11 (O)        GalNAc 19 (NH)       0.35
  **Average**                                                      **0.65**                                          **0.57**
  Carbohydrate--H~2~O--Protein Bridges                                                                               
  Thr 3 (NH)                                  GalNAc 15 (NH/O)     0.46       Thr 2 (NH)        GalNAc 13 (NH/O)     0.33
  Thr 6 (NH)                                  GalNAc 17 (NH/O)     0.27       Thr 5 (NH)        GalNAc 15 (NH/O)     0.31
  Thr 9 (NH)                                  GalNAc 19 (NH/O)     0.35       Thr 8 (NH)        GalNAc 17 (NH/O)     0.49
  Thr 12 (NH)                                 GalNAc 21 (NH/O)     0.51       Thr 11 (NH)       GalNAc 19 (NH/O)     0.62
  **Average**                                                      **0.40**                                          **0.44**
  Carbohydrate--H~2~O--Carbohydrate Bridges                                                                          
  Gal 16 (O5)                                 GalNAc 15 (O4/HO4)   0.23       Gal 14 (O5)       GalNAc 13 (O4/HO4)   0.24
  Gal 18 (O5)                                 GalNAc 17 (O4/HO4)   0.18       Gal 16 (O5)       GalNAc 15 (O4/HO4)   0.23
  Gal 20 (O5)                                 GalNAc 19 (O4/HO4)   0.23       Gal 18 (O5)       GalNAc 17 (O4/HO4)   0.23
  Gal 22 (O5)                                 GalNAc 21 (O4/HO4)   0.18       Gal 20 (O5)       GalNAc 19 (O4/HO4)   0.19
  **Average**                                                      **0.21**                                          **0.22**
  Gal 16 (O2/HO2)                             GalNAc 15 (O)        0.13       Gal 14 (O2/HO2)   GalNAc 13 (O)        0.13
  Gal 18 (O2/HO2)                             GalNAc 17 (O)        0.21       Gal 16 (O2/HO2)   GalNAc 15 (O)        0.16
  Gal 20 (O2/HO2)                             GalNAc 19 (O)        0.16       Gal 18 (O2/HO2)   GalNAc 17 (O)        0.15
  Gal 22 (O2/HO2)                             GalNAc 21 (O)        0.20       Gal 20 (O2/HO2)   GalNAc 19 (O)        0.17
  **Average**                                                      **0.18**                                          **0.15**
  Gal 16 (O4/HO4)                             Gal 16 (O5)          0.17       Gal 14 (O4/HO4)   Gal 14 (O5)          0.17
  Gal 18 (O4/HO4)                             Gal 18 (O5)          0.17       Gal 16 (O4/HO4)   Gal 16 (O5)          0.16
  Gal 20 (O4/HO4)                             Gal 20 (O5)          0.19       Gal 18 (O4/HO4)   Gal 18 (O5)          0.17
  Gal 22 (O4/HO4)                             Gal 22 (O5)          0.17       Gal 20 (O4/HO4)   Gal 20 (O5)          0.17
  **Average**                                                      **0.18**                                          **0.17**

The presence of hydrogen bonding alcohol groups in close proximity to each other allows carbohydrates to form stable water bridges.^[@ref19],[@ref21],[@ref25]−[@ref27]^ Analysis of the trajectories revealed both carbohydrate--protein and carbohydrate--carbohydrate water bridges (Table [1](#tbl1){ref-type="other"}). A significant water bridge occurred between the amide hydrogen of Thr and the N-acetyl side chain of GalNAc, wherein the water molecule could form hydrogen bonds with both the amide hydrogen and oxygen of GalNAc, i.e., GalNAc(HN)--H~2~O--Thr(HN) and GalNAc(O)--H~2~O--Thr(HN). The 3D probability distributions of the bridged water oxygen constructed from the 300 K simulation trajectories for both AFGP8 and s-AFGP~4~ are presented in parts a and b of Figure [4](#fig4){ref-type="fig"}, respectively, along with a representative snapshot of the glycopeptide for visualization. The presence of one bridged water molecule per Thr--O--GalNAc linkage is in agreement with the experimental finding of three D~2~O water molecules complexed with s-AFGP~3~ from cold-spray ionization time-of-flight mass spectroscopy experiments.^[@ref19]^ While similar water bridges between the amide hydrogen of Thr and the N-acetyl side chain of GalNAc have been observed in earlier MD studies of Thr O--GalNAc dipeptide systems,^[@ref21],[@ref26]^ to the best of our knowledge, this is the first report of the presence of multiple water bridges in AGFP using MD simulations. Note that the formation of the strong intramolecular H-bond between GalNAc and Thr (NH···O) brings about the proximity of H-bond donors and acceptors involved in the stable water bridge. Earlier studies on O-linked dipeptides have reported that the water bridge is lost upon substituting Thr with Ser.^[@ref21],[@ref26]^ The loss of the water bridge was a direct consequence of the weakening of the H-bond (NH···O) between GalNAc and Ser, which is due to the loss of the steric strain on the N--Cα--Cβ--O dihedral due to the absence of the Thr γ-methyl group in Ser. It is also of importance to note that a loss of antifreeze activity was also observed on substituting Thr by allo-Thr and [d]{.smallcaps}-Thr,^[@ref14]−[@ref16]^ modifications that affect the conformations at Thr Cα and Cβ. Thus, the results indicate the importance of three structural features---(i) an N-acetyl group in galactosamine, (ii) an α-glycosidic linkage, and (iii) the Thr γ-methyl group---in restricting the conformational space accessible to AFGP. However, it is not clear how the three key structural features directly contribute to the antifreeze activity, which highlights the importance of analyzing the solvent structure around the glycopeptides in closer detail.

![3D probability distributions of the bridged water oxygen's involved in the GalNAc(HN)--H~2~O--Thr(HN) water bridge from the 300 K simulation trajectories along with representative snapshots of (a) AFGP8 and (b) s-AFGP~4~ glycopeptides. Color code: probability distribution, orange (wireframe); peptide backbone, blue; carbohydrate, red; bridging hydrogen atoms, green.](jp-2014-08128d_0004){#fig4}

In addition to the significant carbohydrate--protein water bridge, three less populated carbohydrate--carbohydrate water bridges occurred in both AFGP8 and s-AFGP~4~. Two water bridges were present between Gal and GalNAc, Gal(O5)--H~2~O--GalNAc(O4/HO4) and Gal(O2/HO2)--H~2~O--GalNAc(O). A third water bridge occurred in Gal between the hydroxyl group at C4 and the endocyclic oxygen, Gal(O4/HO4)--H~2~O--Gal(O5). It is interesting that the hydroxyl groups at C6 are not involved in any water bridges. To gain insight into the influence of these water bridges on the distribution of water molecules around the carbohydrates, the radial distributions *g*(*r*) of water oxygens around the hydroxyl oxygens of both Gal and GalNAc were calculated. The *g*(*r*) values obtained from 300 K simulations of AFGP8 and s-AFGP~4~ are presented in Figure [5](#fig5){ref-type="fig"}a and b, with the corresponding data from the 250 K simulations presented in Figure S1a and b of the [Supporting Information](#notes-1){ref-type="notes"}. The *g*(*r*) values obtained from 250 K simulations using the TIP4P-2005 water model are presented in Figure S2a and b of the [Supporting Information](#notes-1){ref-type="notes"}. The differences in the radial distribution functions (Δ = *g*(*r*)~water~ -- *g*(*r*)~oxygen~) with respect to pure water radial distributions are also presented in the respective figures. First, a reduction in the amplitude of the first peak at 2.75 Å as compared to water occurs in all of the distributions due to the expected reduction in the number of water molecules in the first solvation shell owing to the presence of the carbohydrate. On comparing the *g*(*r*) around the second peak at 4.5 Å, for all the hydroxyls not involved in water bridges (O6 and O3), the *g*(*r*) is similar to the pure water distribution. However, for hydroxyls involved in water bridges (O2 and O4), there is a significant lowering in the peak amplitude. Additionally, the *g*(*r*) around O4 of Gal also exhibits a different profile when compared to the other hydroxyls with a peak around 6.00 Å in the distribution when compared to the peak around 6.75 Å observed in the pure water distribution and *g*(*r*) for other hydroxyls. These differences are more pronounced on comparing the difference distributions (Δ).

![Upper panel: Selected oxygen (carbohydrate)--oxygen (water) radial distribution functions, *g*(*r*), from 300 K simulations of (a) AFGP8 and (b) s-AFGP~4~. The *g*(*r*) for pure water under the same simulation conditions is also presented for comparison. Lower panel: Difference (Δ) between the radial distribution functions. Δ is calculated as the difference between *g*(*r*) of pure water and *g*(*r*) of select oxygen (carbohydrate)--oxygen (water) radial distribution functions from 300 K simulations of (a) AFGP8 and (b) s-AFGP~4~.](jp-2014-08128d_0005){#fig5}

On the basis of these observations, we evaluate the effect of the glycopeptide on the structural order of proximal water molecules. For this, the local tetrahedral order parameter *Q*~*k*~ was calculated, which is a measure of a particular water molecule and its four neighbors adopting a tetrahedral arrangement, to quantify the local degree of tetrahedrality.^[@ref28]^where φ~*ikj*~ is the angle formed by the molecule *k* and its nearest neighbors *i* and *j*. Especially for waters close to the glycopeptide, the nearest neighbors can be either the water oxygen or glycopeptide/protein oxygen or nitrogen atoms. For a perfect tetrahedral arrangement, *Q*~*k*~ is equal to 1. On the basis of the *g*(*r*) analysis, *Q*~*k*~ was evaluated for water molecules within three spatial regions, namely, (a) less than 3.5 Å, (b) between 3.5 and 5.5 Å, and (c) between 10.0 and 12.0 Å from the respective atom selections. Since our interest is in the antifreeze properties of AFGPs, the *Q*~*k*~ distributions were analyzed for the 250 K simulations to capture differences in local tetrahedral character at a subfreezing temperature when compared to pure water *Q*~*k*~ distributions at 250 K. The *Q*~*k*~ distributions were evaluated for water molecules around Gal, GalNAc, and the peptide regions in glycopeptide simulations and around the peptide regions from peptide only simulations. In Figure [6](#fig6){ref-type="fig"}, we present the *Q*~*k*~ distributions obtained from both glycopeptide and peptide only simulations using the TIP5P water model. The *Q*~*k*~ distributions obtained from simulations using the TIP4P-2005 water model are presented in Figure S3 of the [Supporting Information](#notes-1){ref-type="notes"} file. The *Q*~*k*~ distributions obtained from 250 and 300 K pure water simulations of both the TIP5P and TIP4P-2005 water models are also presented for comparison in the respective figures.

![*Q* distributions for water molecules around Gal (left panels) from 250 K simulations of (a) AFGP8 and (b) s-AFGP~4~. The *Q* distributions for water molecules around protein (right panels) from 250 K protein-only simulations of (a) AATAATPATAATPA and (b) ATAATAATAATA are also presented. The distributions were evaluated for water molecules less than 3.5 Å, between 3.5 and 5.5 Å, and between 10.0 and 12.0 Å from the selection (Gal or protein). The *Q* distributions for pure water at 250 K (dotted line with filled circles) and 300 K (dotted line with open triangles) are also presented. The distributions are evaluated from simulations using the TIP5P water model.](jp-2014-08128d_0006){#fig6}

The presence of glycopeptides or peptides leads to a loss in the tetrahedral arrangement for water molecules within 3.5 Å of glycopeptides or peptides. This is evident by the lowering of the high *Q*~*k*~ peak (around 0.82) (Figure [6](#fig6){ref-type="fig"} and Figure S3, [Supporting Information](#notes-1){ref-type="notes"}). Note that this loss in tetrahedrality mimics the effect of a temperature increase as observed on comparing the 250 and 300 K distributions from the pure water simulations. However, the direct effect of the presence of sugar, especially Gal, is reflected on comparing the *Q*~*k*~ distributions for water molecules in the regions 3.5--5.5 and 10.0--12.0 Å. For these two distributions, it is observed that the water molecules around the glycopeptides are less structured (solid lines) when compared to the water molecules around the peptides (dashed lines). Notice that for water molecules 10.0--12.0 Å from the peptides the distribution overlaps with the pure water distribution at 250 K. However, a lowering of the peak amplitude is observed for water molecules around Gal even at these long distances for the TIP5P water model. It is interesting to note that the same effect is more pronounced in the region 3.5--5.5 Å with the TIP4P-2005 water model. Thus, the presence of Gal causes a significant decrease in the tetrahedral arrangement for water even at large distances, a phenomenon which is partially dependent on the water model chosen in the simulation due to the variations in the water density for each water model.^[@ref23]^ It is this long-range perturbation of the water structure that we propose as an explanation of the antifreeze properties of glycopeptides and the lack of such properties in the peptides.

Additionally, **Q*~k~* was evaluated for water molecules around Gal and the backbone peptide in finer increments of 0.2 Å shells in the glycopeptide and peptide simulations, respectively. The distributions are presented in Figure S4 ([Supporting Information](#notes-1){ref-type="notes"}) for simulations using the TIP5P water model. The trace of the highest *Q*~*k*~ peak from all of these profiles is also presented in Figure S4e ([Supporting Information](#notes-1){ref-type="notes"}). The profiles clearly show a lowering of the high *Q*~*k*~ peak in the region around 3.5 Å which then gradually increases and converges for distances \>10.0 Å. Notably, the *Q*~*k*~ values around Gal remain lower than the pure water *Q*~*k*~ value, while the *Q*~*k*~ profile for water molecules around the peptide parts reaches the pure water *Q*~*k*~ value at distances \>10.0 Å. This clearly indicates long-range effects in AFGPs.

The observed long-range impact of the AFGPs on the water structure is in line with results obtained from terahertz spectroscopy studies. From the experimental studies, it was observed that AFGPs perturb the aqueous solvent over long distances with the observation of long-range temperature dependent retardation of water dynamics in water shells as far as 20 Å from AFGP.^[@ref9],[@ref10]^ At 20 °C, the terahertz excess was found to be 6 cm^--1^ with a maximum at AFGP concentrations of 12 mg/mL, while, at 5 °C, the terahertz excess was even more pronounced (10 cm^--1^) and peaked at lower AFGP concentrations of 4 mg.^[@ref9],[@ref10]^ Our simulations at 250 and 300 K accurately capture the temperature dependent phenomenon, which is critical to the antifreeze activity. Additionally, it was observed that the addition of sodium borate resulted in the suppression of the antifreeze activity with the hydration dynamics shifting more toward bulk-like features. Other studies have indicated that borate can form complexes with the proximal free hydroxyl groups on Gal (HO3 and HO4) or GalNAc (HO4 and HO6).^[@ref29],[@ref30]^ These results, combined with a report that acetylation or oxidation of HO6 does not affect antifreeze activity,^[@ref30]−[@ref32]^ suggest that the HO3 and HO4 hydroxyls on Gal contribute to the antifreeze activity. From our simulations, we find that the O4 hydroxyls on Gal are involved in the formation of water bridges, which directly affect the resulting distribution of the water molecules with an additional peak around 6.0 Å in the radial distribution *g*(*r*) (Figure [5](#fig5){ref-type="fig"}). At lower temperatures, this additional modification of the tetrahedral environment around bridged water molecules propagates to hydration shells removed from AFGPs that affect the freezing behavior of water.

To further quantify the effect of glycopeptide on water--water dynamics, we analyzed the H-bond autocorrelation functions.^[@ref33]^ The H-bond autocorrelation function was calculated aswhere *h*(*t*) is a binary H-bond operator that takes the value of 1 if a H-bond between a tagged pair of oxygen atoms that belong to different molecules (at *t* = 0) exists after time *t* and 0 otherwise. The bracket represents an average over all possible pairs of oxygen atoms and different time origins. A hydrogen bond exists between two molecules if the oxygen--oxygen distance is less than 3.5 Å and the angle between the O--O axis and one of the O--H bonds is less than 30°. Note that the correlation is independent of intermediate H-bond breaking. These calculations were performed on continuous MD simulations as described in the [Methods](#sec3){ref-type="other"}.

In Figure [7](#fig7){ref-type="fig"}, the results of the *C*~HB~(*t*) analysis are presented for both AFGP8 and s-AFGP~4~ from simulations using the TIP5P water model. The corresponding results using the TIP4P-2005 water model are presented in Figure S5 of the [Supporting Information](#notes-1){ref-type="notes"}. *C*~HB~(*t*) profiles were analyzed in two spatial regions, less than 3.5 Å and between 10.0 and 12.0 Å, from the Gal residues, similar to the *Q*~*k*~ analysis. For the 300 K simulations, it can be seen that *C*~HB~(*t*) for water molecules close to the glycopeptides (\<3.5 Å) decays slower when compared to the bulk water. Also, the *C*~HB~(*t*) for water molecules remote from the glycopeptides (10.0--12.0 Å) overlaps with the bulk *C*~HB~(*t*). This indicates that at 300 K the formation of carbohydrate--water H-bonds only influences the water--water H-bond dynamics in the first solvation shell. This is an observation that occurs with both water models used in the simulation.

![Water--water H-bond autocorrelation functions from 250 and 300 K simulations of AFGP8 (dot-dashed lines) and s-AFGP~4~ (dotted lines). The autocorrelation functions were evaluated for water molecules within two spatial regions, less than 3.5 Å (blue lines) and 10.0--12.0 Å (red lines) from the glycopeptides. Autocorrelation functions evaluated from 250 and 300 K pure water simulations (dashed black line) are also presented for comparison. The distributions are evaluated from simulations using the TIP5P water model.](jp-2014-08128d_0007){#fig7}

The scenario at 250 K is markedly different from that at 300 K. Water at 250 K forms a well-defined H-bonding network with each water molecule present in a tetrahedral environment (Figure [6](#fig6){ref-type="fig"}). This arrangement leads to a significantly longer *C*~HB~(*t*) decay time for bulk water. For the TIP5P simulations, the water in the first solvation shell around the glycopeptides exhibits *C*~HB~(*t*) decay times lower than the bulk water initially, while tending toward the bulk value at longer time scales. Interestingly, for the TIP4P-2005 water model, the *C*~HB~(*t*) decay times are slower than the bulk water throughout the simulation. These effects are a direct influence of the formation of strong carbohydrate--water H-bonds that lead to a loss in the tetrahedral environment (Figure [7](#fig7){ref-type="fig"}) and result in the observed water dynamics.

Remarkably, the influence on H-bond dynamics is more pronounced for solvation shells far from the glycopeptide. Concurrent with the lower *Q*~*k*~ for water molecules in this region, 10.0--12.0 Å (Figure [6](#fig6){ref-type="fig"}), faster decays occur for *C*~HB~(*t*) versus the bulk, indicating that the water molecules are less ordered in these regions when compared to bulk water at 250 K. This disorder in bulk regions, wherein the water has more liquid-like properties, is proposed to inhibit the freezing of water, thereby explaining the antifreeze properties of these glycopeptides even at very low concentrations. Here it is important to note that this behavior is observed with both water models with the effect being more pronounced in the TIP5P water model, which is in line with the results obtained from the *Q*~*k*~ analysis.

Conclusion {#sec2}
==========

In summary, our investigations reveal a close interplay between the glycopeptide geometry and the antifreeze properties of AFGP. Both AFGP8 and s-AFGP~4~ can adopt amphipathic structures wherein the alignment of the carbohydrates onto one face is governed by the proline content, which imparts rigidity to the AFGP template and enhances the PPII helical content. This is important, as recent studies on larger AFGP synthetic derivatives revealed lower thermal hysteresis gaps in AFGP lacking prolines, which may be due to folded structures in these larger systems.^[@ref13]^ The three key structural elements identified by synthetic and mutation studies---(i) an N-acetyl group in galactosamine, (ii) an α-glycosidic linkage, and (iii) the Thr γ-methyl group---mainly restrict the conformational space available to the glycopeptide. In fact, the presence of the N-acetyl group in galactosamine locks the conformation of the sugar relative to the peptide bond via strong H-bonds and bridge waters, as observed in cold-spray ionization time-of-flight mass spectroscopy experiments.^[@ref19]^

The antifreeze activity of AFGP however is closely related to the modulation of the surrounding solvent H-bond network due to the glycopeptides. Radial distribution functions, tetrahedral order parameters, and water--water H-bond autocorrelation functions reveal the importance of free hydroxyl groups on Gal modulating the water H-bond network. The formation of water bridges on the surface of the glycopeptide by Gal affects the local tetrahedral order of the water molecules in the first solvation shell. This effect causes disorder in the H-bond network, which propagates to the remaining solvation shells at low temperatures, as evidenced by the water dynamics in 10.0--12.0 Å water shells around both AFGP8 and s-AFGP~4~. This observation is in accordance with both the suppression of antifreeze activity on the addition of borate and retardation of long-range hydration dynamics observed in terahertz spectroscopy experiments. It must also be noted that upon the removal of terminal Gal monosaccharide AFGPs exhibit very weak antifreeze activity, which agrees with our observation of the importance of Gal in restructuring the surrounding solvent.^[@ref9],[@ref15],[@ref19]^ The direct dependence of the antifreeze activity on the solvent restructuring by Gal also addresses the observance of similar antifreeze activity for AFGP8 and s-AFGP~4~ even though the latter glycopeptide exibits enhanced conformational flexibility upon the loss of proline rigidity.

Interestingly, the proposed long-range effect on water dynamics at 250 K does not occur at 300 K. This suggests that the long-range "disordering" effect only manifests itself in the more ordered water environment at lower temperature, again in agreement with terahertz studies. Such increased order is proposed to allow the local perturbation of water structure in the first hydration layer of the glycopeptide to be communicated to regions 10 Å or more from the solute, thereby leading to the antifreeze activity.

The detailed structure--mechanism correlation provided in this study could lead to the design of better synthetic AFGP variants. On the basis of these results, it would be worthwhile to investigate modifications of the carbohydrate that facilitate the formation of bridged waters, thereby modulating H-bond dynamics and affecting the overall antifreeze activity. One such modification could be the incorporation of 1,2,3,4,5,6-cyclohexanehexol derivatives in place of the terminal Gal monosaccharide. Since the synthetic variants utilize chemical polymerization for the synthesis of oligomeric AFGP, it might be difficult to incorporate proline residues at select locations. However, attempts could be made to increase the hydrophobic content of the amino acids, i.e., AT\*V or VT\*V, which may impart rigidity to AFGP akin to the presence of proline. Additionally, these results can be used to describe the antifreeze activity of the C-linked AFGPs and other synthetic variants like the AFGP diastereomers.^[@ref14]−[@ref16],[@ref18],[@ref34],[@ref35]^

Methods {#sec3}
=======

MD simulations were performed with the CHARMM program.^[@ref36]^ The CHARMM22 protein force field^[@ref37]^ with CMAP (dihedral correction map),^[@ref38]^ the CHARMM carbohydrate force field,^[@ref39]−[@ref45]^ and the modified TIP5P or TIP4P-2005 water models^[@ref22],[@ref23]^ were used to represent the AFGP systems in solution. The initial geometries of AFGPs were constructed in accordance with the available NMR data.^[@ref7],[@ref8],[@ref12]^ For the carbohydrates, the H--N--C2--H2 dihedral in the N-acetyl side chain in GalNAc was set to the *anti* (180°) configuration, while the O1--Cβ--Cα--N dihedral in the O-linkage was set to the *gauche+* (60°) configuration. For the peptides, the ψ dihedral was set to 150° for all the amino acids, while the ϕ dihedral was set to −145° for Thr and −75° for the remaining amino acids. The rest of the geometry was constructed from the topology information present in the force field. These initial geometries were subjected to a 1000-step steepest descent (SD) minimization followed by an adopted basis Newton--Raphson (ABNR) minimization to a force gradient tolerance of 10^--6^ kcal/mol/Å.^[@ref46]^ The minimized geometries were then immersed in a pre-equilibrated cubic water box of size 65 Å × 65 Å × 65 Å. The size of the water box was selected on the basis of the condition that it extended at least 15 Å beyond the non-hydrogen atoms of AFGP. Water molecules with the oxygen overlapping with the non-hydrogen solute atoms within a distance of 2.8 Å were deleted. For all of the subsequent minimizations and MD simulations, periodic boundary conditions were employed using the CRYSTAL module implemented in the CHARMM program.

System equilibration was initiated with a 50-step SD and 50-step ABNR minimization followed by a 100 ps simulation in the NVT ensemble at 300 K during which mass-weighted harmonic restraints of 1.0 kcal/mol/Å were applied on the non-hydrogen atoms of AFGP. A 200 ps NPT simulation at 1 atm and 300 K followed the NVT simulation, wherein all the previous restraints were removed. In the NPT simulation, the center of mass of the AFGP was restrained near the origin by applying a harmonic restraint of 1.0 kcal/mol/Å using the MMFP module in CHARMM. The long-range electrostatic interactions were treated via the particle mesh Ewald method with a real-space cutoff of 12 Å, a kappa value of 0.34 Å^--1^, and a sixth-order spline.^[@ref47]^Nonbond interaction lists were updated heuristically out to 16 Å with a force switch smoothing function from 10 to 12 Å used for the Lennard-Jones interactions.^[@ref48]^ The Leapfrog integrator employing an integration time step of 1 fs was used in conjunction with the SHAKE algorithm to constrain all covalent bonds involving hydrogen atoms.^[@ref49]^ The temperature was maintained at 300 K by a Nosé--Hoover heat bath with a thermal piston parameter of 2000 kcal mol^--1^ ps^2^.^[@ref50]^ A constant pressure of 1 atm was controlled using the Langevin piston with a mass calculated using the equation *P*~mass~ = integer(system mass/50.0).^[@ref51]^

HREX MD production simulations were performed using the REPDSTR module of a modified version of CHARMM c36a2.^[@ref52]^ The HREX simulations were started from the equilibrated coordinates obtained after the 200 ps unbiased NPT simulation at 1 atm and 300 K. The same harmonic restraints used in the NPT runs were utilized in the HREX runs to constrain the AFGP at the center of the simulation box. An exchange between neighboring replicas was attempted every 1000 MD steps, and the coordinates were saved every 1 ps. Each replica was simulated for 10.5 ns, thereby amounting to a cumulative simulation time of 84.0 ns (10.5 ns × 8), and the trajectories from the first replica (unbiased, ground state replica) were used for subsequent analysis.

A combination of the two-dimensional (2D) dihedral grid-based energy correction map (CMAP) extension of the CHARMM force field and a Saxon--Woods potential was used as the biasing potential across the different replicas. Two CMAP biasing potentials were used, corresponding to the sugar ϕ~s~/ψ~s~ and protein ϕ/ψ dihedral pairs to sample the conformational space of AFGP. Additionally, the Saxon--Woods potential was used to enhance the conformational sampling about the sugar χ~s~ dihedral in the Thr side chain.where *h* = (*n* × −0.75) kcal/mol, with *n* going from 0 to 7 for replicas 1--8, *p*~1~ = 0.1, *p*~2~ = 0.3, and θ~ref~ = 90°. The biasing potential CMAPs were obtained using an established protocol for glycopeptide O-linkages that has been reported in detail earlier and successfully applied in studying O-linked glycopeptides.^[@ref20],[@ref21]^

To study the influence of AFGP on the structure of the surrounding solvent at a subfreezing temperature, additional HREX simulations were performed at 250 K using both the TIP5P and TIP4P-2005 water models.^[@ref22],[@ref23]^ These simulations were initiated from representative structures from the largest clusters obtained by clustering the 10.5 ns unbiased 300 K HREX simulation trajectory using the peptide ϕ/ψ dihedrals. The same protocol described for the 300 K simulations was used to set up and run the 250 K simulations. The major differences were that the representative structures from the 300 K simulation selected on the basis of RMSD clustering (see Figures [2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}) were immersed in a water box (either TIP5P or TIP4P-2005 water model) pre-equilibrated at 250 K and the temperature in the remainder of the simulations was maintained at 250 K. For AFGP8, two HREX simulations were performed for 3 ns each amounting to a cumulative simulation time of 48.0 ns (3.0 ns × 2 × 8), while, for s-AFGP~4~, three HREX simulations were performed for 3 ns each amounting to a cumulative simulation time of 72 ns (3.0 ns × 3 × 8). The use of multiple simulations allows the solvent to reorganize around the different conformations of the glycopeptides, as initial calculations at 250 K showed the glycopeptides to maintain their starting conformations. The representative structures were also used to initiate 4 ns MD simulations at 250 and 300 K (two simulations for AFGP8 and three simulations for s-AFGP~4~ for both water models), which were used to calculate the H-bond autocorrelation function in Figure [7](#fig7){ref-type="fig"} and Figure S5 ([Supporting Information](#notes-1){ref-type="notes"}) and the diffusion coefficient (Table S1, [Supporting Information](#notes-1){ref-type="notes"}).

To delineate the influence of carbohydrates with respect to protein, HREX simulations at 300 and 250 K were also performed on the two peptides: AATAATPATAATPA and ATAATAATAATA. The protocol described to set up the 300 K AFGP simulations was used to set up the 300 K protein simulations. This included retaining the restraints on the protein ϕ/ψ to set up the initial protein geometry. Following equilibration, HREX MD simulations were performed for 2.0 ns, a cumulative sampling time of 16.0 ns (2.0 ns × 8) at 300 K. The 250 K HREX simulations (using both the TIP5P and TIP4P-2005 water models) were set up using the top representative structure obtained by clustering the first 1.0 ns of the 300 K unbiased replica simulation trajectory using the ϕ/ψ dihedrals. Simulations at 250 K were run for 1.0 ns, leading to a cumulative sampling time of 8.0 ns (1.0 ns × 8).

3D probability distributions of the selected bridge water oxygens (Figure [4](#fig4){ref-type="fig"}) were constructed from snapshots output every 20 ps from the 300 K HREX trajectory of the unbiased ground state replica. These coordinates were binned into 1 Å × 1 Å × 1 Å cubic volume elements (voxels) of a grid spanning the entire system.

Figures showing selected radial distribution functions *g*(*r*) using the TIP5P and TIP4P-2005 water models, tetrahedral order parameter *Q*~*k*~ from 250 K simulations using the TIP5P and TIP4P-2005 water models, and water--water H-bond autocorrelation functions from simulations using the TIP4P-2005 water model. Table showing diffusion coefficients. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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